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BACKGROUND: India is undergoing rapid urbanization with simultaneous increases in the prevalence of cardiovascular disease (CVD). As urban areas
become home to an increasing share of the world’s population, it is important to understand relationships between the built environment and progres-
sion towards CVD.

OBJECTIVE: We assessed associations between multiple measures of the built environment and biomarkers of early vascular aging (EVA) in the
Population Study of Urban, Rural and Semiurban Regions for the Detection of Endovascular Disease and Prevalence of Risk Factors and Holistic
Intervention Study (PURSE-HIS) in Chennai, India.
METHODS:We performed a cross-sectional analysis of 3,150 study participants. EVA biomarkers included systolic and diastolic blood pressure (SBP
and DBP), central pulse pressure (cPP) and flow-mediated dilatation (FMD). Multiple approaches were used to assign residential exposure to factors
of the built environment: Moderate Resolution Imaging Spectroradiometer (MODIS)-derived normalized difference vegetation index (NDVI), a mea-
sure of vegetation health and greenness; Landsat-derived impervious surface area (ISA); and Visible Infrared Imaging Radiometer Suite (VIIRS)-
derived nighttime lights (NTL). Multivariable regression models were used to assess associations between each built environment measure and bio-
markers of EVA, adjusting for age, body mass index (BMI), cooking fuel type, energy intake, sex, physical activity, smoking, socioeconomic status,
and stress.
RESULTS: Residing in areas with higher ISA or NTL, or lower greenness, was significantly associated with elevated SBP, DBP, and cPP, and with
lower FMD, adjusting for age, BMI, sex, smoking status, and other CVD risk factors. An interquartile range decrease in greenness had the largest
increase in SBP [4:3mmHg (95% CI: 2.9, 5.6)], DBP [1:2mmHg (95% CI: 0.4, 2.0)] and cPP [3:1mmHg (95% CI: 2.0, 4.1)], and the largest decrease
in FMD [−1:5% (95%CI: −2:2%, −0:9%].
CONCLUSION: Greenness, ISA, and NTL were associated with increased SBP, DBP, and cPP, and with reduced FMD, suggesting a possible additional
EVA pathway for the relationship between urbanization and increased CVD prevalence in urban India. https://doi.org/10.1289/EHP541

Introduction
Projections on population indicate that by 2050, ∼ 7:4 billion
people will reside in urban areas [United Nations, Department of
Economic and Social Affairs, Population Division (UNDESAPD)
2015]. India had the world’s second-largest urban population at
∼ 410million people in 2014, and its urban population is
expected to double by 2050, with four large cities (Ahmadabad,
Bangalore, Chennai, and Hyderabad) projected to become meg-
acities (population >10M) by 2030 (UNDESAPD 2015). Rapid
urbanization is occurring in India and in other Asian countries
with corresponding increases in the prevalence of cardiovascular
disease (CVD) and cardiac-related mortality (Allender et al.
2010; Reddy and Yusuf 1998; Yusuf et al. 2001). Because urban
areas are increasingly becoming home to larger populations, it is
important to understand the intraurban variability of the built
environment and progression towards cardiovascular mortality.

CVD is the leading cause of death worldwide, and hyperten-
sion is the single largest risk factor for noncommunicable disease
mortality (Lim et al. 2012; Lozano et al. 2012). Low- and

middle-income countries (LMIC) are disproportionately affected,
and ischemic heart disease is the number one cause for years of
life lost in India (GBD 2013 Mortality and Causes of Death
Collaborators 2015; Lozano et al. 2012). Early vascular aging
(EVA), irrespective of chronological age, is an accelerated pro-
cess involving biochemical, enzymatic, and cellular changes in
artery walls and is characterized by tissue biomarkers of endothe-
lial dysfunction and arterial wall stiffening and thickening, with
an increase in blood pressure (BP) (Kotsis et al. 2013). EVA is
an independent predictor of CVD mortality (Kotsis et al. 2011).
In susceptible individuals, EVA could occur because of inflam-
mation and oxidative stress, particularly in the presence of other
cardiovascular risk factors (Kotsis et al. 2011). EVA can be
investigated noninvasively through measurement of arterial stiff-
ness, BP, carotid intima-media thickness, aortic and carotid and
luminal dilation, and endothelial dysfunction (Laurent 2012;
Nilsson et al. 2009). A limited but growing body of literature has
found urbanization and associated cardiovascular risk factors to
be associated with some of the biomarkers of EVA such as
increased BP (Allender et al. 2010; Attard et al. 2015).

Community- and individual-level data from censuses, ques-
tionnaires, and photos have been used to create multifactor urban-
ization scales that have included data on a wide range of
contextual areas (e.g., population density, access to transporta-
tion, economic activity, education, health services) (Cyril et al.
2013). Urbanization has been associated with increases in chronic
disease risk factors in LMIC (Cyril et al. 2013; Van de Poel et al.
2012): a growing number of studies have reported an inverse
association with physical activity (Allender et al. 2010; Allender
et al. 2011; Assah et al. 2011; Attard et al. 2015; Sullivan et al.
2011), whereas there is a positive relationship in high-income
countries (Fan et al. 2014; Parks et al. 2003). Urbanization
through expansion of cities and rural-urban migration has been
accompanied by nutritional transition, which when coupled with
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reduced physical activity has led to an energy intake–physical ac-
tivity mismatch that is becoming increasingly well documented
in many developing countries (Reddy 2002) including India
(Allender et al. 2010; Patel et al. 2015; Sullivan et al. 2011).

Urban environments can expose residents to other cardiovas-
cular risk factors such as stress and loss of social cohesion
through reduced access to open greenspace (de Vries et al. 2013;
Nielsen and Hansen 2007; Stigsdotter et al. 2010). Although not
fully understood, there are a number of potential mechanisms by
which exposure to greenness can influence health. Access to na-
ture through greenspace can be a restorative mechanism to reduce
stress (Morita et al. 2007) while simultaneously promoting social
interaction, which has been reported to improve physical and
mental health (de Vries et al. 2013; Maas et al. 2009; Sugiyama
et al. 2008). Residential access to greenspace has been associated
with improved cardiovascular and respiratory health through
increased physical activity (Dadvand et al. 2014; James et al.
2015). Additionally, there is a limited body of research that has
shown potential cobenefits between increased greenness and ad-
jacent trees and a reduction in air pollution (Dadvand et al. 2012;
Dadvand et al. 2015; Hagler et al. 2012). Limited research has
been conducted on circadian misalignment caused by chronic ex-
posure to artificial light at night, which is hypothesized to sup-
press melatonin production and to disrupt daily rhythms,
resulting in negative effects on psychological, cardiovascular,
and metabolic functions (Cho et al. 2015; Fonken et al. 2013;
Rybnikova et al. 2016; Scheer et al. 2009). However, no observa-
tional studies have examined the relationship between artificial
light at night and subclinical markers of CVD.

Todate, studies have assessed the impact of urbanizationoncar-
diovascular health in Asia by utilizing aggregate population health
data andmulticomponent scales that included demographic factors,
infrastructure, and economic and social services to delineate urban
versus rural or less-urban areas (Allender et al. 2010; Attard et al.
2015; Cyril et al. 2013). As such, our understanding of aspects of
the built environment that may individually contribute to progres-
sion toward CVD have not been fully elucidated on an intraurban
scale. Rapid urbanization in India has led to land-use changes and
urban activity that have been detected by satellites, such as
decreases in overall vegetation cover or greenness and increases in
nighttime lights in urban areas such as Chennai (Pandey and Seto
2015; Paul and Nagendra 2015). A growing body of literature sup-
ports an association between greenness and cardiovascular mortal-
ity (Hu et al. 2008; Lachowycz and Jones 2014; Mitchell and
Popham 2008; Richardson and Mitchell 2010; Villeneuve et al.
2012) andmorbidity (Pereira et al. 2012), but there have been fewer
studies of associations with subclinical indicators of EVA (James
et al. 2015; Markevych et al. 2014). Nighttime lights (NTL) are
another factor that has recently been examined in relation to body
mass index (BMI) and breast cancer (Hurley et al. 2014; Rybnikova
et al. 2016) but has not been examined for a relationshipwithCVD.

The Population Study of Urban, Rural and Semiurban regions
for the Detection of Endovascular Disease and Prevalence of Risk
Factors and Holistic Intervention Study (PURSE-HIS) was
designed to examine the prevalence of CVD and risk factors in
Tamil Nadu, India. Here, we present a cross-sectional examination
of the association between satellite measures of the built environ-
ment and biomarkers of EVA while adjusting for traditional CVD
risk factors in PURSE-HIS participants residing in the city of
Chennai. Specifically,we usedmultiple approaches to estimate fac-
tors of the built environment such as greenness, NTL, and impervi-
ous surface area (ISA) ratio to examine associations with various
indicators of EVA: systolic and diastolic blood pressure (SBP and
DBP), central pulse pressure (cPP), and endothelial dysfunction
[measured asflow-mediateddilatation (FMD)].

Methods

Study Population
Details on the PURSE-HIS study design and population have
been published elsewhere (Thanikachalam et al. 2015); here, we
provide a brief overview of the PURSE-HIS Chennai population.
The urban-area subjects were drawn from Chennai, the capital
city, and the semiurban- and rural-area subjects were selected
from the Thiruvallur and Kanchipuram districts, respectively, in
the state of Tamil Nadu, India. A two-stage random cluster sam-
pling method was used to recruit participants from 2009–2011.
The primary sampling unit was that of administrative divisions to
provide a geographical distribution of residential areas across
Chennai. The second stage of address selection within divisions
used a random sampling to select streets and addresses. An indi-
vidual house was the sampling unit. Members of the household
>20 y old without documented evidence of carcinoma, severe
psychiatric illness, stage IV cardiac failure, or HIV infection
were eligible to be recruited into the study. The analysis pre-
sented here was restricted to all participants who consented to
participate in the PURSE-HIS study with a residence within the
Chennai city boundary (n=3,150). The study was approved by
the Institutional Ethics Committee (IEC-06/53/47) at Sri
Ramachandra University, Chennai, India, and was registered
with Clinical Trials Registry, India (CTRI/2011/04/001,677).
Participation of human subjects in the study did not occur until
after informed written consent was obtained.

Questionnaire and Clinical Data
All study participants completed an informed consent enrollment
process at their place of residence along with an interviewer-
administered questionnaire that collected individual demo-
graphic, medical history, and additional CVD risk factor data.
Study clinic visits were scheduled at the time of enrollment.
Using an automated oscillometric BP device (Omron Sem-1;
Omron Healthcare), BP was measured three times from the par-
ticipant’s dominant arm while the participant was at rest and
seated; the average SBP and DBP were calculated from the three
measures and used for analysis. Radial artery waveforms were
recorded from the wrist of the dominant arm with a high-fidelity
micromanometer (SPC-301; Millar Instruments). Pulse wave
analysis (SphygmoCor; AtCor Medical) was then used to esti-
mate a corresponding central (ascending aortic) waveform cPP
using a generalized transfer function (Karamanoglu et al. 1993),
which has been prospectively validated for the assessment of
ascending aortic BP (Pauca et al. 2001). The FMD of the left
brachial artery was measured using a high-resolution B mode
ultrasonography system (Envisor Philip) with a linear transducer
frequency of 12:5MHz and an oscillometric sphygmomanometer
(WelchAllyn) while the participant was in supine position. The
brachial artery flow and diameter were measured at rest, and after
5 min ischemia, the maximum peak flow velocity was measured
within 15 s, and arterial diameter was measured at 45, 90, 180,
and 300 s. Percentage of FMD (peak diameter–baseline diameter/
baseline diameter) was used for analysis. Validation procedures
for each biomarker have been published in detail (Thanikachalam
et al. 2015).

Fasting blood samples were collected to assess various bio-
markers, which included low-density lipoproteins (LDL) and
fasting blood sugar (FBS) levels. Height and weight were meas-
ured to calculate BMI, which was categorized using recom-
mended BMI cut points for Asian adults (World Health
Organization Expert Consultation 2004; Misra et al. 2009).
Nutritional status was assessed using a 24-h recall of food intake
and a food frequency questionnaire, which was used to determine
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an energy intake score (Schatzkin et al. 2003). Physical activity
was measured by a physiotherapist using the global physical ac-
tivity questionnaire and the three-level scoring protocol categori-
zation of low (<599 metabolic equivalent of task(MET)-min/
wk), moderate (600–2,999 MET-min/week), and high (≥3,000
MET-min/week) activity and was used to calculate the sedentary
score (Bull et al. 2009). Anxiety was assessed by a clinical psy-
chologist using the Hamilton Anxiety Rating Scale (Shear et al.
2001. Individual-level socioeconomic status (SES) scores were
based on the Kuppuswamy classification scale, which combines
education, occupation, and income (Kumar et al. 2007).

Exposure Assessment
We characterized the built environment using multiple methods:
a satellite-derived measure of vegetation health and greenness
(normalized difference vegetation index, NDVI), NTL, and ISA.
Residential exposure to ISA and NDVI was calculated for each
participant based upon the intersecting grid value assigned to the
geolocated address overlaid with the gridded satellite data
(Figure 1D). We used a 250-m radius and a 1,000-m radius as a
measure of residential exposure to greenness and as an approxi-
mate measure of residential walking exposure, respectively.
Similar methods have previously been used to characterize green-
ness exposure (Casey et al., 2016, James et al., 2014; James et al.
2016).

Greenness was measured using the NDVI, an index that indi-
cates photosynthetic activity in plants. We used two 16-d NDVI
composites (February and June 2009) derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor at
250–m resolution onboard the Terra satellite. The MODIS NDVI
product used is the MOD13Q1 [National Aeronautics and Space
Administration (NASA)/U.S. Geological Survey (USGS) 2015]
Version 5 data, which have been corrected for atmospheric

contamination from water, clouds, and aerosols, and will here-
after be referred to as greenness.

Along with greenness, we used NTL generated from the day/
night band (DNB) from the Visible Infrared Imaging Radiometer
Suite (VIIRS) onboard NASA’s Suomi National Polar-Orbiting
Partnership (NPP) satellite. NPP-VIIRSNTL have a spatial resolu-
tion of ∼ 500 m and are very sensitive to low levels of visible light.
NTL from Defense Meteorological Satellite Program (DMSP)
images aremeasured as 6-bit digital numbers, ranging from 0 to 64,
related to radiance at the sensor (W=cm2=sr). NTL data from an
older instrument, the DMSP–Operational Linescan System (OLS),
have been shown to be strongly correlated with many social and
economic characteristics that are difficult tomeasure at afine spatial
scale, including urban population and population density (Sutton
et al. 1997; Sutton et al. 2001, Zhuo et al. 2009) and economic activ-
ity (Doll et al. 2000; Sutton and Costanza 2002; Ghosh et al. 2013).
BecauseNPP-VIIRSNTL data have higher spatial and radiometric
resolution than DMSP-OLS, we expect them to be able to measure
finer variations ofNTLwithin cities.We selected a cloud-free com-
posite ofNTLdata for January 2013 (Baugh et al. 2013), the coldest
month inChennai.

The third characteristic we examined was impervious surface,
the urban land features—roads, rooftops, parking lots, sidewalks,
and so on—that water cannot infiltrate. ISA ratios were extracted
from two Landsat 5 Thematic Mapper (TM) images (from 6 May
2009 and 15 February 2009) using linear spectral mixing analysis
(LSMA) (Wu and Murray 2003) at a 30-m resolution. LSMA
enables quantification of the percentage of each land cover com-
ponent (end member) within a pixel. To perform the LSMA,
image data were converted to normalized reflectance, and water
was masked. Shade effects were ignored because they were not
significant in the image. A maximum noise fraction (MNF) trans-
formation was used to minimize the influence of band correlation
and noise, and the first three components were plotted on scatter-
plots as a guide for pure end member selection. End members for
vegetation, soil, low albedo, and high albedo were selected from
the image. Finally, a fully constrained linear spectral unmixing
model was applied to unmix mixed pixels into the four end mem-
bers. The impervious surface fraction was calculated as the sum
of the low albedo and high albedo fractional components.

Statistical Analyses
Student’s t-tests and analyses of variance (ANOVAs) were used
to assess univariate associations between each EVA biomarker
(SBP, DBP, cPP, and FMD) and CVD risk factors such as age,
BMI, FBS, sex, LDL, physical activity, smoking status (smoker/
nonsmoker), anxiety score, and SES. Bivariate models were used
to assess the association between CVD risk factors and EVA
measures and greenness, NTL, and ISA.

We conducted univariate and multivariable linear regression
to examine the independent associations between greenness, ISA,
and NTL and each biomarker of EVA, adjusting for age, sex,
BMI, and smoking status in a parsimonious model. We also
developed a second multivariable regression model that adjusted
for additional covariates associated with the biomarkers of EVA
such as sedentary score, Kupusswamy socioeconomic score, anx-
iety score, smoking status, energy intake, and household cooking
fuel type [liquid petroleum gas (LPG), kerosene, wood, and LPG
with kerosene and/or wood (LPG mixed)]. We utilized cooking
fuel type as a proxy measure for indoor exposures and classified
participants into indoor fine particulate matter (PM2:5) exposure
gradients of low (LPG), medium (LPG mixed), and high (no
LPG), similar to solid versus clean fuel categorizations that have
been used as indicators in previous global burden of disease mod-
els to assess the effects of household air pollution (Balakrishnan

Figure 1. Satellite-derived measures of greenness, impervious surface area
(ISA), nighttime lights (NTL) and Population study of Urban, Rural,
Semiurban Endovascular Disease and Holistic Intervention Study (PURSE-
HIS) residential locations in Chennai, India.

Environmental Health Perspectives 087003-3



et al. 2013). Income, education, and SES were not significantly
associated with EVA in univariate and bivariate analysis, but
SES was retained in all models. All models were checked for in-
fluential cases and collinearity. All statistical analyses were per-
formed using SAS v.10.1 (SAS Institute Inc.). Sensitivity
analyses were also performed to examine whether physical activ-
ity was a modifer of the association between greenness and bio-
markers of EVA by stratifying the parsimonious model by
physical activity levels (low, moderate, and high). We also devel-
oped a hierarchical model adjusting for random effects by admin-
istrative area.

Results
The majority of the PURSE-HIS Chennai population was female,
<50 y old, and nonsmokers. Most of the participants had not
completed secondary education, had an annual income below
6,000 INR, had a nutritional deficit, performed a moderate level
of physical activity, used LPG for cooking fuel, and had a
BMI>25 kg=m2 (Table 1). Being older, male, a current smoker,
obese, or having an excess energy intake, higher anxiety, or a

low physical activity level was associated with significantly
higher mean SBP and DBP (Table 2). Being older, male, a cur-
rent smoker, obese, or having a low physical activity level was
associated with significantly higher cPP and lower FMD. A com-
parison of SES quartiles did not indicate a significant mean dif-
ference for SBP, DBP, and cPP.

Participants residing in the northeast areas of the city had
higher exposures to ISA and NTL but lower exposures to green-
ness, whereas participants residing in the southwest had an
inverse relationship (Figure 1). As expected, exposure to ISA and
NTL had a moderate positive correlation (r=0:62), whereas
greenness had a strong inverse correlation with ISA (r= − 0:74)
and a moderate correlation with NTL (r=0:62 (see Table S1).
We compared exposure to greenness, ISA, and NTL by demo-
graphic variables (see Table S2). Participants with higher expo-
sure to greenness and lower exposure to ISA and NTL reported
having high physical activity compared with participants with
moderate and low physical activity. Additionally, participants in
the lowest quartile for anxiety score had higher exposure to
greenness and lower exposures to ISA and NTL. Those in the
lowest SES quartile had significantly lower mean exposure to
ISA and NTL and higher exposure to greenness compared with
the third and fourth SES quartiles.

In univariate analysis, ISA, NTL, and greenness were signifi-
cantly associated with all four biomarkers (SBP, DBP, cPP, and
FMD) (see Table S3). Figure 2 presents associations for interquar-
tile range (IQR) increases in exposure for greenness (IQR=0:17),
ISA (IQR=0:19), and NTL (IQR=0:06W=cm2=sr) adjusted for
age, anxiety score, BMI, energy intake, household cooking fuel
type (LPG, LPG mixed, and no LPG), Kupusswamy socioeco-
nomic score, sedentary score, sex, and smoking status. We report
the associationswith greenness as the inverse ofNDVI to direction-
ally align with ISA and NTL. An IQR decrease in residential expo-
sure to greenness was associated with 4:3mmHg, 1:2mmHg, and
3:1mmHg increases in SBP, DBP, and cPP, respectively. An IQR
increase in NTL was associated with 2:8mmHg, 0:8mmHg, and
2:0mmHg increases in SBP, DBP, and cPP, respectively. ISA had
lower-magnitude and lower-strength associations, with an IQR
increase associated with 1:9-mmHg, 0:4-mmHg, and 1:4-mmHg
increases in SBP, DBP, and cPP, respectively. An IQR decrease in
residential exposure to greenness, an IQR increase in ISA, and an
IQR increase in NTL were associated with a −1:5%, −0:6% and
−1:2% decrease inFMD, respectively.

Additional models were developed to test for associations in a
parsimonious model adjustment including only age, sex, BMI,
and smoking status (see Figure S1) and stratified by physical ac-
tivity on the relationship between greenness and each biomarker
of EVA (see Figure S2). The parsimonious model adjustment
resulted in slightly larger magnitudes and strengths of association
in all models. Models stratified by physical activity did not iden-
tify this variable to be a modifier of the relationship between
greenness and biomarkers of EVA (see Figure S2).

Analyses were performed to examine the associations between
1,000-m radius exposures to greenness, ISA, and NTL and meas-
ures ofEVA(seeTableS4),whichwere lowerper IQR than the resi-
dential exposure for all built environmentmeasures.

Discussion
We used high-spatial-resolution (30–750m) satellite imagery to
represent different aspects of the urban built environment and
found significant associations between greenness, ISA, and NTL
and biomarkers of EVA (SBP, DBP, cPP, and FMD) in a cross-
sectional study. Participants residing in areas with higher residen-
tial exposure to greenness had significantly lower SBP, DBP, and
cPP, and higher FMD. Conversely, participants residing in areas

Table 1. Demographic characteristics of the PURSE-HIS population.

Characteristic % (n) or mean (SD; minimum–maximum)

Sex
Female 56.5 (1,779)
Male 43.5 (1,371)
Age (y)
<40 38.1 (1,201)
40–50 33.0 (1,038)
51–60 20.5 (645)
>60 8.4 (266)

BMI (kg=m2)
Underweight (<18:5) 6.1 (193)
Normal weight (18.5–22.9) 24.4 (769)
Overweight (23–24.9) 17.5 (550)
Obese (≥25) 52.0 (1,638)
Energy intake
Deficit 42.7 (1,346)
Adequate 16.0 (504)
Excess 41.3 (1,304)
Smoker
Ever 12.5 (395)
Never 87.5 (2,755)
Physical activity
Low 22.3 (702)
Moderate 73.7 (2,322)
High 4.0 (126)
Educational attainment
None 21.9 (690)
Primary and middle 41.7 (1,314)
Secondary 27.0 (850)
Higher education 9.4 (296)
Annual income (INR)
≤4,000 27.9 (879)
4001–6000 26.5 (835)
6001–10000 26.6 (838)
≥10,000 19.0 (599)

High LDL (≥130 mg=dL)
Yes 34.1 (1,074)
No 65.9 (2,076)
Cooking fuel type
LPG 60.0 (1,891)
LPG mixed 24.6 (775)
No LPG 11.7 (369)
Missing 3.7 (115)
Socioeconomic score 8.2 (3.5; 3–18)
Anxiety score 7.3 (6.5; 0–43)
Sedentary score 5.2 (1.9; 0.2–10.6)
Note: BMI, body mass index; INR, Indian rupees; LDL, low-density lipoprotein; LPG,
liquid petroleum gas; PURSE-HIS, Population Study of Urban, Rural, Semiurban
Endovascular Disease and Holistic Intervention Study; SD, standard deviation.
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with higher residential exposure to ISA and NTL had signifi-
cantly higher SBP, DBP, and cPP, and lower FMD.

Associations between residential exposure to greenness and
our biomarkers of EVA support the growing body of research
examining the association between greenness and cardiovascular
outcomes (James et al. 2015) as well as the hypothesis that envi-
ronmental factors can accelerate vascular aging (Koivistoinen
et al. 2007). However, there are other behavioral and environ-
mental exposures that may have similar spatial patterns to green-
ness that could be associated with increased CVD in urban

populations. These exposures include decreased physical activity,
poor nutrition, loss of social cohesion, and increased noise and
air pollution (Allender et al. 2011; de Vries et al. 2013; Attard
et al. 2015; James et al. 2015). We were able to partially control
for some of these factors at the individual level by adjusting for
SES, energy intake, sedentary score, and anxiety, and we did not
find moderate or strong correlations between these terms and our
built environment measures (see Table S1).

Greenness has been shown to be associated with physical ac-
tivity and cardiovascular health and is hypothesized to reduce

Table 2.Mean and standard deviation of biomarkers of vascular aging stratified by demographic variables.

Characteristic

Biomarkers of EVA

%FMDSBP (mmHg) DBP (mmHg) cPP (mmHg)

Sex
Female 125.5 (20.3) 77.3 (10.9) 48.2 (15.4) 19.1 (8.2)
Male 132.0 (20.1) 80.9 (11.8) 51.1 (14.9) 15.8 (7.7)
Age (y)
<40 120.6 (15.1) 76.6 (10.5) 44.0 (10.2) 18.9 (8.2)
40–50 128.8 (20.3) 80.2 (11.9) 48.6 (13.9) 17.6 (7.9)
51–60 135.9 (22.5) 80.4 (11.5) 55.5 (17.6) 16.5 (8.0)
<60 142.7 (22.0) 79.7 (11.8) 63.1 (18.9) 15.1 (8.0)
BMI (kg=m2)
Underweight (<18:5) 122.7 (20.7) 74.6 (12.2) 48.2 (14.6) 18.4 (8.6)
Normal weight (18.5–22.9) 125.8 (20.4) 76.9 (11.2) 48.9 (15.1) 17.9 (7.8)
Overweight (23–24.9) 128.3 (21.2) 79.1 (12.0) 49.2 (14.8) 17.4 (7.8)
Obese (≥25) 130.2 (20.0) 80.2 (11.0) 50.0 (15.5) 17.7 (8.4)
Socioeconomic score (quartiles)
1st 127.9 (20.6) 78.4 (11.5) 49.4 (15.5) 18.1 (8.1)
2nd 127.2 (20.5) 78.5 (11.7) 48.6 (14.9) 17.9 (8.1)
3rd 129.3 (21.3) 79.2 (11.3) 50.1 (15.3) 17.2 (8.0)
4th 129.7 (19.1) 79.7 (11.1) 50.1 (15.0) 17.2 (8.7)
Anxiety score (quartiles)
1st 126.8 (20.6) 78.5 (11.1) 48.3 (15,4) 18.0 (7.6)
2nd 127.6 (19.8) 78.5 (11.3) 49.0 (14.9) 17.1 (8.0)
3rd 129.8 (20.9) 79.7 (12.2) 50.0 (14.4) 18.1 (8.7)
4th 129.4 (20.5) 78.8 (11.3) 50.7 (15.8) 17.7 (8.4)
Physical activity
Low 132.0 (22.0) 80.9 (11.6) 51.0 (16.7) 16.5 (8.0)
Moderate 127.5 (19.9) 78.3 (11.2) 49.2 (14.9) 18.1 (8.1)
High 123.5 (19.5) 77.2 (13.4) 46.4 (11.6) 17.7 (8.0)
Smoking status
Smoker 131.3 (19.4) 80.8 (11.3) 49.3 (15.4) 14.7 (7.0)
Nonsmoker 127.9 (20.6) 78.6 (11.4) 50.4 (14.2) 18.1 (8.2)
Energy intake
Excess 129.9 (20.5) 80.1 (11.3) 49.4 (15.4) 17.6 (8.3)
Adequate 127.9 (19.8) 78.5 (10.8) 49.8 (15.4) 17.7 (8.1)
Deficit 126.9 (20.5) 77.7 (11.7) 49.1 (15.5) 17.8 (8.0)

Note: BMI, body mass index; cPP, central pulse pressure; DBP, diastolic blood pressure; EVA, early vascular aging; %FMD, percent flow mediated dilation; SBP, systolic blood
pressure.

Figure 2.Multivariable regression model for the effect of an interquartile range (IQR) increase in residential exposure to greenness (IQR=0:17), impervious
surface area (ISA) (IQR=0:19), and nighttime lights (NTL) (IQR=0:06W=cm2=sr) measures on biomarkers of vascular aging. NDVI, Normalized Difference
Vegetation Index.

Environmental Health Perspectives 087003-5



exposure to air pollution, noise, and temperature while increasing
physical activity and lowering stress (James et al. 2015).
Stratification was performed to examine physical activity as a
potential modifier of the association between greenness and each
biomarker of EVA, but it produced mixed results in our study
(see Figure S2). Participants with high physical activity exhibited
a nonsignificant association between greenness and biomarkers
of EVA. In a recent study, James et al. (2016) also reported non-
significant results in the relationship between greenness and mor-
tality with stratification by physical activity. James et al. (2016)
did observe that physical activity was a significant mediator of
the relationship between greenness and mortality, but physical
activity explained only a small proportion (4%) of the greenness–
mortality association. Although we did not conduct mediation
analysis, we did observe that our measure of physical activity
(sedentary score) was poorly correlated with greenness (see
Table S1). However, our results may not be generalizable to stud-
ies in North America, which have focused on capturing recrea-
tional physical activity. Additionally, previous research within
India has reported that physical activity predominantly occurs
through nonrecreational activities such as occupation for males
and residential chores for females (Rao et al. 2008; Sullivan et al.
2011; Vaz and Bharathi 2004; Yadav and Krishnan 2008).
Therefore, our reliance on residential exposure assignment could
introduce misclassification, particularly among males. In addi-
tion, our results may be more generalizable to other large cities
within LMIC with similar occupational physical activity patterns.

Greenness is a measure of vegetation and could be spatially
correlated with air and noise pollution because vegetation can
remove air pollutants associated with CVD (Nowak et al. 2006)
and can reduce exposure to noise pollution (Gidlöf-Gunnarsson
and Öhrström 2007). Although we were unable to account for
air and noise pollutiondirectly in our studyowing to a lackofmeas-
urements in this region, previous research has observed significant
associations between CVD risk and BP and greenness after adjust-
ing for air pollutants, noise, or both. A prospective survival study
that adjusted for air pollution observed that increased exposure to
greenness was significantly associated with decreased CVD risk
(Villeneuve et al. 2012).Adjustment for air pollution and noise pol-
lution in separate models produced similar results with a slight
reduction in the size of the effect of greenness onCVDrisk.Another
analysis, from a German birth cohort study, found that residential
greenness was significantly associated with lower SBP and DBP in
children after adjusting for air pollution and noise (Markevych et al.
2014). Although we did not directly adjust for air and noise pollu-
tion, we tried to adjust in part for air pollution by including cooking
fuel as a proxy exposure. Our observed effect of greenness on bio-
markers ofEVAadds support to the relationship between greenness
and subclinical measures of CVD. In addition, we hypothesize that
NTLand ISAmight be spatially correlatedwith higher air and noise
pollution because light and ISA typically come from increased
human activity and urban elements related to the sources of these
pollutants.

Urbanization is rapidly affecting the developing world.
However, little is known about how different aspects of the built
environment affect chronic diseases and risk factors for CVD in
rapidly urbanizing areas because most studies have taken place in
developed countries (Allender et al. 2011). The multiple meas-
ures we examined potentially capture different aspects of the built
environment in Chennai, which is currently undergoing rapid
urbanization. NTL could be associated with CVD through disrup-
tion of circadian rhythms (Scheer et al. 2009) and potentially
through biomarkers of EVA, but we have limited ability to exam-
ine this directly in the PURSE-HIS study. Both NTL and ISA
could also serve as proxy measures for urban density, but we

could not disentangle the specific pathway contributions. Future
studies of greenness and urbanization should consider including
ISA and NTL to better understand how additional aspects of the
built environment could be associated with CVD.

EVA is a complex process that can be characterized by aortic
and carotid dilation and stiffening, endothelial dysfunction, and
intimal thickening (Laurent 2011). Our analysis focused on only
a select number of EVA measures, and future work could investi-
gate additional measures of EVA such as pulse wave velocity
and carotid intima-media thickness to characterize a broader
scope of EVA metrics. Additionally, we were unable to adjust for
potentially relevant factors such as inadequate sewage disposal,
water- and food-borne illnesses and infectious diseases (e.g.,
malaria), and increased air pollution (e.g., fine particulate matter
and nitrogen dioxide), which are more prevalent or in higher ex-
posure concentrations in LMIC; this may limit the generalizabil-
ity of our findings to cities in high-income countries because
EVA could occur as a result of chronic inflammation and oxida-
tive stress (Kotsis et al. 2011). Because urban areas in high-
income countries have a more stable built environment, have
lower air pollution exposure levels, and are rarely affected by the
same additional factors as those in developing countries, our find-
ings may not be generalizable to existing major urban areas in
more developed countries and may be more comparable to devel-
oping areas of the world that are undergoing rapid urbanization.
However, with the majority of urban transition taking place in
developing countries, our results are highly relevant and can
inform on health benefits (increased greenness) and detriments
(increased ISA and NTL) of unplanned urbanization in similar
locales.

In rapidly urbanizing areas, bare soil from construction sites
and areas in transition is easily misassigned as impervious surface
area, leading to overestimation of the exposure to ISA, particu-
larly in the urban outskirts. Therefore, our observed associations
with ISA may overestimate this aspect of the built environment
and may not be generalizable to urban areas in developed coun-
tries. Another limitation of our study was that our exposure was
assigned at the residence level and not at the individual level,
which could introduce exposure misclassification into our model
for participants who spend large amounts of time away from their
residence. Integration of microenvironment time–activity models
could reduce this error.

There is a growing body of evidence that supports an associa-
tion between residential exposure to greenness and CVD (James
et al. 2015), but there is less evidence for an association with
pathways leading to CVD risk such as blood pressure
(Markevych et al. 2014). The significant associations we
observed between residential greenness and biomarkers of EVA
add support to this hypothesis in an area undergoing rapid urban-
ization. Additionally, to the best of our knowledge, we are the
first to investigate associations between ISA and NTL and bio-
markers of EVA using an observational study design. However,
our study was cross-sectional, and longitudinal cohort studies
with multiple environmental stressor models will be needed to
strengthen causal interpretation. Our findings are relevant for pol-
icy makers and urban planners regarding the potential health ben-
efits and adverse impacts from multiple aspects of the urban
environment when designing cities in rapidly urbanizing areas.

Conclusions
Participants residing in areas with higher ISA and NTL and lower
greenness had significantly higher SBP, DBP and cPP and lower
FMD. Our findings indicate that higher residential exposure to
ISA and NTL could increase biomarkers of EVA and that green-
ness could have a protective effect, and they suggest a possible
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additional pathway or modify existing risk factors to explain the
increased prevalence of CVD in rapidly urbanizing populations
in India. Further studies are needed to fully elucidate the relation-
ship between greenness, ISA, and NTL and additional biomarkers
of EVA, particularly longitudinal analyses that would be able to
delineate changes in built environment factors and progression to
CVD.
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